Abstract-Electromembrane processes have been used to reduce 100-1000 times the carryover of cadmium ions from cadmium electroplating baths into electroplating wastewater. Laboratory experiments and industrial practice have shown that the efficiency of the process depends on the type of cadmium plating electrolyte used: it is maximum for cyanide electrolytes (cadmium recovery efficiency is 99.9%) and minimum for sulfuric acid electrolytes free of ammonium ions (recovery efficiency is 99%). The technology and equipment developed are used in a number of industrial plants.
INTRODUCTION
Electromembrane [1] [2] [3] [4] [5] processes and other membrane technologies [6] , along with their conventional fields of application, have been used as a reagentless method for correcting the composition of process solutions [7] and extracting certain components from them, including undesirable impurities and reaction products. In many cases, they can be used to recover valuable and toxic components of rinse water in order to return them to the process and create closed (wastefree) production cycles. These processes are successfully used in the industry for regeneration of zinc-passivating chromate solutions [8, 9] , for the purification of chromium plating electrolytes from cationic impurities (mainly from iron ions) [10, 11] , and for the recovery of chromate ions from workpiece rinsing solutions after chromating operations [12, 13] . The high efficiency of the application of electromembrane processes in the chromating and passivation of zincplated workpieces and the results of their use in other operations of the electroplating industry indicates that it is to advantage to expand the scope of their application in electroplating.
One of the processes that are fraught with great difficulties in fulfilling the requirements for environmental protection is cadmium electroplating. Cadmium plating processes are widely used in shipbuilding, aviation, and several other industries. Electroplating shops that have cadmium plating lines are among the main sources of environmental pollution with liquid and solid waste containing cadmium compounds.
Solid waste is the so-called galvanic sludge produced in sewage treatment facilities serving electroplating shops. They are mixtures of heavy metal hydroxides, which are formed during the treatment of the workshop wastewater with chemical reagents. Further processing of galvanic sludges is not economically feasible, so they are usually sent to landfills for burial.
There are two types of liquid waste containing soluble cadmium compounds: spent process solutions, the concentration of cadmium compounds in which amounts from several grams to tens of grams per liter, and the diluted waste is wastewater from continuousflow rinse tanks, in which the concentration of cadmium ions is in the range of several milligrams to tens of milligrams per liter.
A number of nonreagent methods have been proposed for the treatment of liquid and solid wastes containing cadmium compounds . However, it is most appropriate to completely eliminate the formation of waste containing cadmium compounds. In this case, 100% of consumed cadmium will be part of the finished product, since there will be neither waste containing cadmium nor its losses. In solving this problem, the use of the electromembrane method at those steps of the plating technology where cadmium is contained in the process solutions can play an important role. The main advantage of the electromembrane method in this case is that this procedure not only prevents cadmium from entering the wastewater, but also returns it to the process.
The technological process of cadmium electroplating includes a series of successive steps: degreasing (chemical or electrochemical) (1), rinsing (2), activating (3), rinsing (4), cadmium plating (5), rinsing (6), brightening (7), rinsing (8) , passivating (9), rinsing (10), and drying (11) .
Along with the above basic operations at the cadmium plating line, an additional operation is performed to remove the cadmium coating from the suspension racks and defective workpieces (12) and rinsing (13) after this operation. Cadmium ions are present in the process solutions in operations (5), (7), (9) , and (12) and appear in the rinse water in washing steps (6) , (8), (10) , and (13) .
Under normal operating conditions, cadmium plating electrolytes cannot be periodically discharged and replaced with fresh ones. Thus, it is necessary to analyze only workpiece treatment operations (7), (9) , and (12) and rinsing steps (6), (8) , (10) , and (13) as a source of cadmium compounds getting into plant liquid and solid wastes. It should be borne in mind that the maximum removal of cadmium ions occurs from the cadmium plating tank, in which their concentration is several times higher than in solutions at stages (7), (9) and (12) . Therefore, the purpose of this study is to develop a method that is economical and acceptable for use in existing electroplating workshops and makes it possible to reduce many times the carryover of cadmium ions from cadmium plating baths to the workshop wastewater.
Along with the results of laboratory experiments on the use of the electromembrane process for recovery of cadmium ions from solutions that simulate the rinse water of still rinsing tanks after cadmium plating, this paper presents the data obtained during the implementation of these processes in several industrial plants.
EXPERIMENTAL

Composition of Cadmium Plating Electrolytes
In industry, cadmium plating electrolytes belonging to the following groups are mainly used: cyanide, ammonium chloride, ammonium sulfate, and sulfuric acid.
Experiments were performed with four cyanide electrolytes and one from each group of acid electrolytes. The compositions of the electrolytes are given in Table 1 .
Experimental Conditions
In the experiments on the recovery of cadmium ions from the rinse water and during the subsequent industrial operation, three types of electrolytic cells shown schematically in Fig. 1 were used.
The cathode and anode compartments of the laboratory cells contained 200 mL of solution each. The cathode area was 20 cm 2 . Industrial electromembrane units were assembled on the basis of an existing or additionally installed still rinse tank, the dragout (reclaim) tank. An "immersed electrochemical module" (IEM), a rectangular vessel (internal volume of 4-12 L), was installed in this tank close to one of its walls. An ion-exchange membrane with a contact area of 400 or 1200 cm 2 was mounted into one of the walls. The size of the cathodes corresponded to the overall dimensions of the membranes (7 and 12 dm 2 , respectively).
Heterogeneous cation-exchange membranes MK-40L were installed in cells (a) and (b), and a heterogeneous anion-exchange membrane MA-41IL, manufactured by Shchekino-Azot, was installed in cell (c). Compared to the traditionally used MK-40 and MA-40 membranes [39] , these membranes are highly resistant to aggressive solutions.
In cell (a), cathodes and anodes made of carbon steel were used. In some experiments, sodium chloride was added to cell (a); in these cases, the steel anode was replaced with a graphite one. In cell (b), a platinum-coated titanium or a niobium plate served as the anode. However, it was later shown [40] that a more stable and much cheaper anode is a titanium electrode with a surface layer doped with tin and iridium oxides, which was additionally coated with a lead dioxide layer of about 15 μm in thickness by anodic deposition. It should be noted that there is still no data on the behavior of this anode under long-term operation conditions. A lead anode was installed in cell (c). The cathode in laboratory cells (b) and (c) was a titanium plate, and that in industrial devices was stainless steel sheet. Electrolysis in laboratory experiments and in the industrial units was carried out at cathode currents of 1 and 0.5-2.0 A/dm 2 , respectively.
In the choice of the range of cathode current density values, it is necessary to ensure an intense evolution of hydrogen at the cathode, which amount will be sufficient to create a substantial gas filling in the gap between the cathode and the membrane. This, on one hand, significantly reduces the effective thickness of the cathode diffusion layer and accordingly increases the limiting discharge current of cadmium ions and, on the other hand, averages the composition of the solution in the entire volume due to the appearance of a circular circulating flow. It is important to emphasize that the specific feature of the process under study is that the main indicator of its efficiency is the range of actual concentration of its ions in the reclaim tank, not the current efficiency of cadmium plating or the specific power input per unit mass of cadmium recovered.
In the laboratory experiments, the both compartments of cell (a) and the cathode compartments of cells (b) and (c) contained a previously diluted (10 or 50 times) cadmium plating electrolyte. In the anodic compartments of laboratory cells (b) and (c) and in the anodic compartments of the corresponding industrial units, there was a solution of sulfuric acid with a concentration of 50 g/L. In the cadmium plating line using the cyanide electrolyte, a portion of the solution with a sodium hydroxide concentration of 30-40 g/L was periodically added to the cadmium plating tank from the cathode compartment during electrolysis and this compartment was replenished with fresh water.
In the laboratory experiments, the method chosen for determining the amount of cadmium in solution depended on its suggested concentration. At concentrations above 1 g/L, we used a titrimetric method of analysis based on the titration of an aliquot of analyte solution with a standard EDTA solution at pH 9-10, created by an ammonia buffer solution, in the presence of Eriochrome Black T as an indicator [41] . Cyanides that interfere with the determination were bound by formalin according to the procedure described in [41] . The accuracy of the determination of cadmium by the titrimetric method with its concentration in the test solution below 1 g/L was low. In this case, the determination of cadmium was performed by an atomic absorption method using a Shimadzu AA-7000 flame atomic absorption spectrometer, which made it possible to minimize the effect of the matrix. To construct the calibration graph, standard cadmium solutions (Rosstandart) were used.
Under the industrial conditions, the composition of the solution in the dragout tank was not corrected during the process and it was formed naturally. With each batch of workpieces to be rinsed, a dragout solution from the plating tank showed up in the reclaim tank and, after rinsing the workpieces from the reclaim tank, approximately the same volume of solution was carried into a running-water rinse tank. In this operation mode, in the absence of any operation to recover the cadmium electrolyte components from the dragout tank, the composition of the solution in it gradually approaches that of the cadmium plating bath, thus ensuring the high electrical conductivity of the solution necessary for the process.
After startup of the electromembrane unit, the composition of the solution in the reclaim tank gradually changed, approaching a certain average value, which differs significantly from the composition of the solution in the cadmium plating tank. First of all, this refers to cadmium ions, which are discharged at the cathode and, as a result, their concentration decreases by 100-1000 times. When working with cyanide electrolytes, sodium hydroxide accumulates in the SEM chamber, and its concentration in the rinse water decreases, as does the concentration of cyanide ions oxidized at the anode. In the case of cadmium plating in sulfuric acid and ammonium sulfate electrolytes, the concentration of sulfate ions in the dragout tank somewhat decreases, which are transferred to the IEM, forming sulfuric acid, which acid is used to periodically correct the electrolyte in the cadmium plating tank. The ammonium chloride electrolyte of cadmium plating is an exception in this regard; when it is used, a cation-exchange membrane is installed in the IEM in order to prevent the release of chlorine at the anode.
Further fluctuations in the composition of the solution in the dragout tank of the line operating in an invariable mode, in particular, in the concentration of cadmium ions, depend mainly on the daily program of the plating tank: the concentration increases with an increase in the plating production rate and decreases with its decrease.
In laboratory experiments, the cathode with the deposited cadmium metal was periodically weighed. Under industrial conditions, the cathode was usually suspended once a shift for a short time on the anode rod in the plating tank to dissolve the cadmium precipitate.
RESULTS AND DISCUSSION
3.1. Cyanide Electrolytes As follows from the data presented in Table 1 , the use of the electromembrane method makes it possible to reduce by 1000 times the carryover of cadmium ions into the wastewater of the cadmium plating line. The nature of the processes can be understood by analyzing the data of laboratory experiments, shown in Fig. 2 .
Note that the electrolysis regime chosen for use in these experiments was such that the cathode current density was several times greater than the value of the limiting diffusion current. Hydrogen released at the cathode not only increases the limiting diffusion current density, but also provides an effective averaging of the composition of the solution over the entire volume of the cathode compartment, which is necessary for the normal functioning of the electromembrane device in dragout recovery baths with a rinse water volume from several tens to a thousand liters. The large gas filling in the cathode zone results in natural circulation of the solution-its movement from bottom to top in the cathode zone, from top to bottom at the opposite wall of the cathode compartment, and also in the horizontal direction from the cathode in the upper part of the tank and to the cathode in the lower part.
A significant decrease in the cadmium release rate after 20-h electrolysis is the result of the recovery of a significant part of cadmium ions from the solution. As shown by the results of analysis of the solution, anodic oxidation of cyanide occurs simultaneously with the extraction of cadmium (Fig. 2, curve 2) . This means that during the industrial plating process, it is advisable to optimize the ratio of the anode to the externalcathode surface area to ensure, on one hand, the effective removal of cadmium ions from the solution in the dragout tank and most of cyanide and sodium hydroxide and, on the other hand, to prevent the degradation of the cadmium cyanide complex and the formation of an insoluble cadmium salt due to an insufficient concentration of cyanide.
The presence of residual cyanide makes it impossible to eliminate the operation of posttreatment of wastewater for the removal of cyanide ions in the cadmium plating line. However, additional purification can be carried out in the second dragout tank, in which a graphite anode and a steel cathode are installed, and 5-15 g/L of sodium chloride is added to the rinse water. The oxidation of residual cyanide in this tank occurs mainly in the bulk of the bath solution by the resulting hypochlorite ions, rather than at the anode. The effectiveness of this method was confirmed by both laboratory experiments and its successful operation in one of the electroplating shops.
Sodium ions in the electrolysis process are transferred through the membrane, forming an alkaline solution in the cathode compartment. When the sodium hydroxide concentration in the catholyte rose to 20-30 g/L, about 3/4 of its volume was poured into the cadmium plating tank, and the cathode compartment was replenished with fresh water. In long-term laboratory experiments, the pH was not allowed to drop below 11 in order to avoid the formation of hydrocyanic acid vapor.
Ammonium Chloride Electrolyte
In laboratory experiments, the change in the concentration of cadmium ions during the processing of the undiluted electrolyte at a constant cathode current density (Fig. 3) was studied. In this case, electrolysis was carried out until the concentration of cadmium ions decreased to values corresponding to the range of its concentration in the reclaim tank. By using data on the change in current efficiency during the electrolysis in combination with the data in Fig. 3 , it is possible to determine the range of the electrolysis parameters and the minimum size of the cathode area sufficient to have a hundredfold reduction in the concentration of cadmium ions in the reclaim tank.
The results of the laboratory experiments are quite consistent with the analytical data in Table 1 on the composition of the rinse water in the reclaim tankthe actual concentration of cadmium ions in the dragout tank was a hundred times lower than in the cadmium plating tank.
Ammonium Sulfate Electrolyte
The results of laboratory experiments are presented in Fig. 4 .
The curve in this figure represents the entire range of possible concentrations of cadmium ions in the reclaim tank. The dependence of the current efficiency of cadmium on the concentration of its ions in the solution, as calculated on the basis of this curve, indicates that it is possible in principle to significantly improve the performance of the process-to increase the recovery rate of cadmium ions and significantly reduce their concentration in the dragout tank at ), g/L almost the same energy input by increasing the cathode area several times and running the process at the same current. This forecast is confirmed by the results of current efficiency measurements. The actual concentration of cadmium ions in the industrial dragout tank was 200 mg/L according to the analysis data. Thus, the carryover of cadmium ions into the planting line wastewater has decreased a hundred times. As noted above, a further decrease in the carryover can be achieved if the cathode with a larger area is used. In the industrial dragout tank, a cathode with a surface area of 8 dm 2 was used.
Sulfuric Acid (Ammonium-Free) Electrolyte
There were no laboratory experiments with this type of electrolyte. The data given in Table 1 on the analysis of the rinse water in the dragout recovery tank show that it is not possible to ensure a hundredfold decrease in the carryover of cadmium ions into the wastewater for the acidic electrolyte, the transfer decreases only 50-70 times. Perhaps, it will be possible to improve the performance of the process in the future if ammonium sulfate is added to the rinse water in the reclaim tank; i.e., to conduct the recovery process under conditions similar to those for cadmium plating using ammonium sulfate electrolytes.
CONCLUSIONS
The results of laboratory experiments on the recovery of cadmium ions from dilute solutions using electromembrane processes and the long experience of operating reclaim tanks with immersed electrochemical modules installed in them show that it is technically feasible to remove 99.0-99.9% of cadmium ions contained in rinse water and return them to the plating process. The implementation of this method will reduce the carryover of cadmium into the electroplating wastewater by 100-1000 times and thus ensure compliance with the requirements for MPC for cadmium ions in the plant wastewater even before they are cleaned using a reagent method. 
